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LDPC DECODER VARIABLE NODE UNITS
HAVING FEWER ADDER STAGES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to signal processing, and, in
particular, to error correction encoding and decoding tech-
niques such as low-density parity-check (LDPC) encoding
and decoding.

2. Description of the Related Art

FIG. 1 shows one implementation of a parity-check matrix
100 that may be used to implement a regular, quasi-cyclic
(QC) LDPC code. Parity-check matrix 100, commonly
referred to as an H-matrix, comprises 40 circulants B, , that
are arranged in r=4 rows of circulants where j=1, . . ., r and
¢=10 columns of circulants where k=1, . . ., c. A circulant is
a sub-matrix that is either equal to an identity matrix or is
obtained by cyclically shifting an identity matrix, and a quasi-
cyclic LDPC code is an LDPC code in which all of the
sub-matrices are circulants. In H-matrix 100, each circulant
B, is a pxp sub-matrix that may be obtained by circularly
shifting a single pxp identity matrix. For purposes of this
discussion, assume that p=72 such that H-matrix 100 has
pxr=72x4=288 total rows and pxc=72x10=720 total col-
umns. Since each circulant B, ; is a permutation of an identity
matrix, the hamming weight (i.e., the number of entries hav-
ing a value of one) of each column in a circulant and the
hamming weight of each row in a circulant are both equal to
1. Thus, the total hamming weight w, for each row of H-ma-
trix 100 is equal to 1xc=1x10=10, and the total hamming
weight w_ for each column of H-matrix 100 is equal to
1xr=1x4=4. Each of the 288 rows of H-matrix 100 corre-
sponds to an m” check node, where m ranges from 1, . . ., 288,
and each of the 720 columns corresponds to an n” variable
node (also referred to as a bit node), where n ranges from
1, ..., 720. Further, each check node is connected to w,=10
variable nodes as indicated by the 1s in a row, and each
variable node is connected to w_=4 check nodes as indicated
by the 1s in a column. H-matrix 100 may be described as a
regular LDPC code since all rows of H-matrix 100 have the
same hamming weight w, and all columns of H-matrix 100
have the same hamming weight w_.

FIG. 2 shows a simplified block diagram of one implemen-
tation of a prior-art LDPC decoder 200 that may be used to
decode a signal encoded using an H-matrix such as H-matrix
100 of FIG. 1. LDPC decoder 200 receives 720 soft values
(e.g., log-likelihood ratios) from a soft detector such as a
soft-output Viterbi detector and stores these soft values in
soft-value memory 202. Each soft value corresponds to one
bit of a received LDPC-encoded codeword. The encoded
codeword is decoded iteratively using a belief propagation
technique, where each iteration is performed in a number of
clock cycles that is equal to the number ¢ of circulant columns
(e.g., 10 clock cycles/iteration for H-matrix 100).

During the first clock cycle of the initial iteration, soft-
value memory 202 provides the first 72 of 720 soft values in
parallel to 72 variable node units (VNUs) 204(0), . . ., (71),
such that each soft value is provided to a different VNU 204.
VNUSs 204(0), . . ., (71) perform variable node updates for the
first 72 columns of H-matrix 100 (i.e., for the first circulant
column comprising circulants B, ;, B, ;,B; ;,and B, ). Spe-
cifically, each VNU 204 generates one variable node message
for each of the four circulants B, ;, B, ;, B; ;,and B, ; (e.g.,
one message for each column entry having a value of 1
implies four messages per column), such that the total number
of variable node messages generated by VNUs 204(0), . . .,
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2

(71) is equal to 4x72=288. During the initial iteration (i.e.,
i=0), each variable node message may be generated per Equa-
tion (1) as follows:

Q=L ©, where

M

Q,,, is the variable node message provided from the n”
variable node to the m” check node for the 0” iteration and
L, is the initial soft value received from soft-value memory
202 that corresponds to the n™ variable node. The operation of
VNUSs 204(0), .. ., (71) is discussed in further detail below in
relation to FIG. 3.

VNUs 204(0), . . ., (71) provide the 4x72 variable node
messages (herein referred to as Q messages) that they gener-
ate to four 72-way barrel shifters 206(0), . . ., (3). In particu-
lar, the 72 Q messages generated in relation to circulant B |,
the 72 Q messages generated in relation to circulant B, ,, the
72 Q messages generated in relation to circulant B, ,, and the
72 Q messages generated in relation to circulant B, are
provided to separate barrel shifters 206(0), . . ., (3), respec-
tively. Barrel shifters 206(0), . . ., (3) cyclically shift the Q
messages that they receive based on cyclic-shift factors that
(i) correspond to the cyclic shifts of circulants B, |, B, ;,B; ,,
and B, ; of H-matrix 100 of FIG. 1 and (ii) may be received
from, for example, controller 214. The four barrel shifters 206
then provide 4x72 cyclically shifted Q messages to 4x72
check node units (CNUs) 208(0), . . ., (287), such that each
CNU 208 receives a different one of the Q messages.

During the second clock cycle of the first iteration, VNUs
204(0), ..., (71) receive the second 72 of 720 soft values from
soft-value memory 202. VNUs 204(0), . . ., (71) perform
variable node updates for the second 72 columns of H-matrix
100 (i.e., for the second circulant column comprising circu-
lants B, », B 5, B;,, and B, ,) in a manner similar to that
described above in relation to the first clock cycle (e.g., using
Equation (1)) and provide 4x72 Q messages to barrel shifters
206(0), ..., (3). Barrel shifters 206(0), . . ., (3) cyclically shift
the 4x72 Q messages according to the cyclic shifts of circu-
lants B, », B, », B3 », and B, , of H-matrix 100 of FIG. 1 and
provide 4x72 cyclically shifted Q messages to check node
units (CNUs) 208(0), . . ., (287). Note that, cyclic shifting of
the 4x72 Q messages is performed such that each Q message
is distributed to the same CNU as the Q message from the
prior clock cycle that corresponds to the same row (i.e., the
same check node) of H-matrix 100. This process is repeated
for the remaining eight circulant columns during the remain-
ing eight clock cycles of the iteration.

Referring now to CNUs 208(0), . . ., (287), during the first
iteration (i.e., the first 10 clock cycles), each of the CNUs
receives a number of Q messages equal to the hamming
weight w, of a row of H-matrix 100 (e.g., 10) and generates w,.
check node messages. Each check node message may be
calculated using a min-sum algorithm, characterized by
Equations (2), (3), and (4) shown below:

R, = 00 o

®

O _p® = : (i—1)
Ko = Rl = min |0 ]
i T weNmm "™

) ) )
59 = ]_[ sign(0 |,
n’eNm)n

where R, represents the check node message (herein
referred to as the R message) from the m™ check node to the
n” variable node for the i iteration. Suppose that n' is a

variable node in the set N(m)/n of all variable nodes con-
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nected to the m™ check node except for the n” variable node
(ie., n' e N(m)/n). The m” check node generates message
R,,,*” based on all Q messages received during the previous
(i-1)" iteration from the set N(m)/n. Thus, in the embodiment
of FIG. 2, each R message is generated based on nine Q
messages (i.e., w,—1=10-1).

Message R, ) may be calculated in several steps. First,
the m” check node generates a sign 8, for message R,
by taking the product of the signs of the Q messages in set n'
as shown in Equation (4). This can also be performed using
binary addition, such as a modulo 2 operation, of the signs
rather than multiplication. Next, the m” check node generates
a magnitude IR, | for message R, by determining the
minimum magnitude of the Q messages in set N(m)/n as
shown in Equation (3). Then, the m” check node multiplies
sign 8, @ by magnitude IR,,,®| as shown in Equation (2).
Note that, other variations of the min-sum algorithm are pos-
sible such as an offset min-sum algorithm and a normalized
min-sum algorithm. Further, CNU algorithms other than the
min-sum algorithm, such as the sum product algorithm, may
be used.

The min-sum algorithm described in Equations (2), (3),
and (4) may be simplified using a value-reuse technique. For
example, consider that, during an iteration, each CNU 208
receives ten Q messages and generates ten R messages. Each
R message is generated using a set of N(m)/n=9 Q messages
(one message is excluded as described above). For nine of
these R messages, the minimum magnitude of the Q messages
generated using Equation (3) will be the same. For one of
these R messages, the minimum magnitude of the Q messages
will be the second smallest magnitude of the Q messages
because the minimum magnitude of the Q messages will be
excluded from the calculation as described above. Thus, it is
not necessary to perform Equation (3) ten times for each
CNU. Rather, each CNU may receive its corresponding ten Q
messages during an iteration, store the two Q messages with
the smallest magnitude, and store an index value correspond-
ing to the minimum magnitude. The index value may be used
to match the second smallest magnitude with the correct R
message.

Referring back to FIG. 2, the min-sum algorithm per-
formed by CNUs 208(0), ..., (287) may be a two-step process
performed over two iterations. For example, during the i”
iteration (i.e., 10 clock cycles), each CNU 208 receives and
processes ten Q messages. These messages may be processed
by (1) determining the minimum and second minimum val-
ues, (2) summing the signs of the ten Q messages, and (3)
providing the signs of the ten Q messages sequentially to
FIFO 210. Each CNU 208 does not begin outputting the ten R
messages it generates until the (i+1)? iteration (i.e., after it
has received all ten Q messages). During the (i+1)™ iteration,
each CNU 208 may receive ten new Q messages at a rate of
one per clock cycle and may output the ten R messages at a
rate of one per clock cycle. Upon being output, each R mes-
sage is multiplied by a different sign value 8, that may be
obtained by adding (i) the sum of the signs of the ten Q
messages and (ii) a sign received from FIFO 210 that corre-
sponds to message Q,,,“". In so doing, one sign of the Q
messages is excluded from sign value §,,,” as shown in
Equation (4) (i.e., sign,,, is generated based on the signs of
nine Q messages rather than ten).

During each clock cycle, each barrel shifter 212 receives 72
R messages in parallel and cyclically shifts the R messages
according to the cyclic shifts of the circulants B, ; of H-matrix
100 of FIG. 1, which may be provided by controller 214.
Essentially, barrel shifters 212(0), . . ., (3) reverse the cyclic
shifting of barrel shifters 206(0), . . ., (3). Barrel shifters
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212(0), . . ., (3) then provide the 4x72 cyclically shifted R
messages to VNUs 204(0), . . ., (71), such that each VNU 204
receives four of the R messages.

During the second iteration, each VNU 204 updates each of
the four Q messages that it generates as shown in Equation

(5):

o =10, Z RED )
nm n m'n

m’ eM(n)im

where m' is a check node in the set M(n)/m of all check nodes
connected to the n” variable node except the m” check node
(i.e., m'e M(n)/m). The n” variable node generates message
Q,,," based on (i) all R messages received during the previ-
ous (i-1)" iteration from the set M(n)/m and (ii) the initial
soft value L, received from soft value memory 202 that
corresponds to the n” variable node.

In addition to outputting four updated QQ messages, each
VNU 204 outputs both (i) a soft value (i.e., an extrinsic LLR)
and (i) a hard-decision bit for each variable node. Each
extrinsic LLR value may be represented as shown in Equation

(©):

RO ©

meM(n)

Extrinsic Value, =

where m is a check node in the set M(n) of all check nodes
connected to the n™ variable node (i.e., m € M(n)). Each
hard-decisionbit X, may be generated based on Equations (7),
(8), and (9) below:

. M
P, =L+ R,

%, =01if P,20 ®)
%, =1if P, <0 ©)

P,, is determined for each variable node by adding the extrin-
sic value from Equation (6) to the initial soft value L,
received from soft-value memory 202 that corresponds to the
n” variable node. If P, is greater than or equal to zero, then the
hard-decision bit X,, is set equal to zero as shown in Equation
(8).If P, is less than zero, then the hard-decision bit X, is set
equal to one as shown in Equation (9).

A parity check is then performed using the hard-decision
values. If KH’=0, where H” is the transpose of H-matrix 100
of FIG. 1, then the decoding process is finished. If XH”=0,
then a subsequent iteration is performed to generate a new set
of extrinsic LLR values and hard decisions. If the decoding
process does not end within a predefined number of iterations,
then the decoding process is terminated and the received
codeword has not been properly decoded.

FIG. 3 shows a simplified block diagram of one implemen-
tation of a prior-art VNU 300 that may be used to implement
each VNU 204 of FIG. 2. During each iteration, except for the
initial iteration, VNU 300 (i) receives four R messages R |, R,
R;, and R, and a soft value and (ii) generates four Q messages
Q. Q,, Qs, Q, using Equation (5); a hard-decision output
value X,, using Equations (7), (8), and (9); and an extrinsic
LLR value using Equation (6). The soft value, the R mes-
sages, the Q messages, and the extrinsic LLR value may each
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be represented using a number b of bits that may vary from
one implementation to the next, while the hard output value X,
is typically represented using one bit.

R messages R, R,, R;, and R, are converted from sign-
magnitude format to two’s-complement format using sign-
magnitude-to-two’s-complement (S2T) converters
302(0), .. ., (3), respectively. The four converted R messages
are added together to generate the extrinsic LLR value as
shown in Equation (6) using two adder stages. The first adder
stage comprises (i) adder 304(0), which adds messages R,
and R, (i.e,, R;+R,), and (ii) adder 304(1), which adds mes-
sages R; and R, (i.e., R;+R,). The second adder stage com-
prises adder 306, which adds (i) the sum of messages R, and
R, to (i1) the sum of messages R; and R, to generate the
extrinsic LLR (i.e., R;+R,+R;+R,). The extrinsic LLR may
be normalized and truncated (i.e., 308) as discussed in further
detail below. The normalized, truncated extrinsic LLR value
may then be saturated (e.g., SAT 312) and output from VNU
300. Saturation may be performed such that the normalized,
truncated extrinsic value is maintained within a specified
range. For example, if a range of 15 is specified, a normal-
ized, truncated extrinsic LLR value greater than +15 may be
mapped to +15 and a normalized, truncated extrinsic LLR
value less than —-15 may be mapped to -15.

The normalized, truncated extrinsic LLR value is also used
to generate a hard-decision output value X ,,. In particular, the
normalized, truncated extrinsic LLLR value is provided to a
third adder stage that comprises adder 310. Adder 310 gen-
erates a value P as shown in Equation (7) by adding the
normalized, truncated extrinsic LLR value to the soft value
(i.e., P=R,+R,+R;+R +soft value). The sign bit of P is then
used to generate the hard-decision value X,. When using
two’s complement format, the most significant bit (MSB)
(i.e., the bit furthest to the left) of a b-bit binary number is the
sign bit of the binary number. If the sign bit is O, then the
binary number is =0, and if the sign bit is 1, then the binary
number is <0. Thus, if the sign bit of P is 0, then P=0 and the
hard-decision value is 0 as shown in Equation (8). If the sign
bit of P is 1, then P<0 and the hard-decision value is 1 as
shown in Equation (9). The hard-decision value X,, may be
determined without any additional hardware, for example, by
outputting only the MSB and dropping all other bits from P.

Referring back to S2T converters 302(0), . . ., (3), con-
verted messages R, R,, R, and R, are normalized and trun-
cated (i.e., 314(0), . . ., (3)) and provided to a fourth adder
stage comprising adders 316(0), . . . , (3), such that each
normalized, truncated R message is provided to a different
adder 316. Each adder 316 generates a Q message as shown in
Equation (5) based on (i) the R message that it receives and
(ii) the value P generated by adder 310. In particular, message
Q, is generated by subtracting message R, from P (i.e.,
Q=R +R,+R;+R +soft value-R, ), message Q, is generated
by subtracting message R, from P (i.e., Q,=R,+R,+R;+R +
soft value-R,), message Q, is generated by subtracting mes-
sage R; from P (i.e., Q;=R,+R,+R;+R,+soft value-R;), and
message Q, is generated by subtracting message R, from P
(ie., Q=R;+R,+R;+R +soft value-R,). Messages Q,, Q,,
Q;, and Q, may then be saturated (e.g., SAT 318(0), ..., (3))
in a manner similar to that described above in relation to SAT
312, converted from two’s-complement format to sign-mag-
nitude format (e.g., T2S 320(0), . . ., (3)), and output to
downstream processing such as barrel shifters 206(0), . .., (3)
of FIG. 2.

In adding the R messages together, the sum of the R mes-
sages may grow relatively large, such that more than b bits
may be needed to represent the generated Q messages. Nor-
malization and truncation (i.e., 308 and 314(0), . . ., (3)) is
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employed to ensure that the number b of bits used to represent
the R messages and Q messages remains constant. Normal-
ization may be applied, for example, by dividing the sum and
each of the four R messages by a factor of two. Truncation
may be applied, for example, by deleting the least significant
bit (LSB). Further, both normalization and truncation may be
applied using no additional hardware. Normalization may be
applied using connections that shift the bit values of the sum
or R message. Truncation may be applied by removing the
connection that corresponds to the LSB. As an example,
suppose that b=4 bits and that adder 306 adds 1000 (i.e., -8 in
decimal format) and 1000. The resulting sum, 10000 (i.e.,
-16 in decimal form), may be normalized (e.g., divided by
two) by shifting 10000, such that the normalized sum is
1000.0 (i.e., -16/2=-8 in decimal form). The normalized sum
1000.0 may then be truncated to arrive at the 4-bit number
1000.

SUMMARY OF THE INVENTION

In one embodiment, the present invention is a method for
generating a plurality of variable node messages in a low-
density parity-check (LDPC) decoder having at least one
variable node unit (VNU). A set of three or more check node
messages are received, and the plurality of variable node
messages are generated by summing a different subset of the
check node messages. Each different subset ofthe check node
messages excludes a different check node message, and each
variable node message is generated without subtracting the
corresponding different check node message from a value
corresponding to a sum of all of the check node messages.

In another embodiment, the present invention is an LDPC
decoder having at least one VNU. The VNU comprises a
plurality of adder stages adapted to (i) receive a set of three or
more check node messages and (ii) generate each of a plural-
ity of variable node messages by summing a different subset
of the check node messages. Each different subset of the
check node messages excludes a different check node mes-
sage, and the VNU is adapted to generate each variable node
message without subtracting the corresponding different
check node message from a value corresponding to a sum of
all of the check node messages.

In yet another embodiment, the present invention is an
LDPC decoder having at least one VNU. The VNU comprises
(1) a means for receiving a set of three or more check node
messages and (ii) a means for generating each of a plurality of
variable node messages by summing a different subset of the
check node messages. Each different subset ofthe check node
messages excludes a different check node message, and each
variable node message is generated without subtracting the
corresponding different check node message from a value
corresponding to a sum of all of the check node messages.

BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects, features, and advantages of the present
invention will become more fully apparent from the following
detailed description, the appended claims, and the accompa-
nying drawings in which like reference numerals identify
similar or identical elements.

FIG. 1 shows one implementation of a parity-check matrix
that may be used to implement a regular, quasi-cyclic (QC)
low-density parity-check (LDPC) code;

FIG. 2 shows a simplified block diagram of one implemen-
tation of a prior-art LDPC decoder that may be used to decode
a signal encoded using an H-matrix such as the H-matrix of
FIG. 1,



US 9,356,623 B2

7

FIG. 3 shows a simplified block diagram of one implemen-
tation of a prior-art variable node unit (VNU) that may be
used to implement each VNU of FIG. 2;

FIG. 4 shows a simplified block diagram of a VNU accord-
ing to one embodiment of the present invention;

FIG. 5 shows a simplified block diagram of a VNU accord-
ing to another embodiment of the present invention;

FIG. 6 shows a simplified block diagram of a VNU accord-
ing to yet another embodiment of the present invention; and

FIG. 7 shows a simplified block diagram of a VNU accord-
ing to even yet another embodiment of the present invention.

DETAILED DESCRIPTION

Reference herein to “one embodiment” or “an embodi-
ment” means that a particular feature, structure, or character-
istic described in connection with the embodiment can be
included in at least one embodiment of the invention. The
appearances of the phrase “in one embodiment” in various
places in the specification are not necessarily all referring to
the same embodiment, nor are separate or alternative embodi-
ments necessarily mutually exclusive of other embodiments.
The same applies to the term “implementation.”

FIG. 4 shows a simplified block diagram of a variable node
unit (VNU) 400 according to one embodiment of the present
invention. VNU 400, which supports LDPC codes having
column hamming weights w_ equal to four, may be used to
implement VNUs in a wide range of LDPC decoder configu-
rations, including the LDPC decoder configuration of F1G. 2.
Similar to VNU 300 of FIG. 3, during each iteration, except
for the initial iteration, VINU 400 (i) receives four R messages
R;,R,, R;, and R, and a soft value and (ii) generates four Q
messages Q,, Q,, Q;, Q,, a hard-decision output x,,, and an
extrinsic LLR value. However, rather than generating the Q
messages by adding all of the R messages together and sub-
tracting R messages from the total, as is done by VNU 300,
VNU 400 generates each Q message by adding only the R
messages that are needed to generate the Q message. In so
doing, VNU 400 may generate the Q messages using three
adder stages. The first adder stage comprises adders 404(0)
and 404(1), the second adder stage comprises adders 406,
416(0), and 416(1), and the third adder stage comprises
adders 418(0), . . ., (3) and 410. This is in contrast to VNU
300, which uses four adder stages to generate the Q messages.
By using fewer adder stages, VNU 400 may generate the four
Q messages in a shorter amount of time than VNU 300. As a
result, the throughput of VNU 400 may be greater than the
throughput of VNU 300. Typically, the overall throughput of
LDPC decoders is limited by the throughput of the VNU’S.
Since the throughput of VNU 400 may be greater than the
throughput of VNU 300, the overall throughput of LDPC
decoders implemented using VNU 400 may be greater than
that of comparable LDPC decoders implemented using VNU
300.

Messages R;, R,, R;, and R, are converted from sign-
magnitude format to two’s-complement format using sign-
magnitude-to-two’s-complement (S2T) converters
402(0), .. ., (3), respectively. The four converted R messages
are added together using adders 404(0), 404(1), and 406 to
generate the extrinsic LLR value as shown in Equation (6). In
particular, adder 404(0) adds messages R, and R, (i.e,
R,+R,), adder 404(1) adds messages R, and R, (i.e., R;+R,),
and adder 406 adds (i) the sum of messages R, and R, to (ii)
the sum of messages R, and R, to generate the extrinsic LLR
value (i.e., R;+R,+R;+R ). The extrinsic LLR value may be
normalized and truncated (i.e., 408) and saturated (SAT) (i.e.,
412) in a manner similar to that described above in relation to
the
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analogous elements of VNU 300 of FIG. 3. The normalized,
truncated extrinsic LLR value is also added to the soft value
using adder 410 to generate avalue P (i.e., P=R | +R,+R;+R .+
soft value) as shown in Equation (7). The hard-decision out-
put value X, may then be determined from P in a manner
similar to that described above in relation to VNU 300 (i.e.,
using Equations (8) and (9)).

To generate messages Q,, Q,, Q,, and Q,, the soft value is
multiplied by two (e.g., 414), which may be performed by
shifting the soft value. The product (i.e., 2xsoft value) is
provided to (i) adder 416(0), which adds the product to the
sum of messages R, and R, (i.e., R;+R,+(2xsoft value)) and
(i) adder 416(1), which adds the product to the sum of mes-
sages R, and R, (i.e., R, +R,+(2xsoft value)). The output of
adder416(0) is added to (i) converted message R, using adder
418(0) to generate message Q, (i.e., Q,=R,+R,+R,+(2xsoft
value)) and (ii) converted message R, using adder 418(1) to
generate message Q, (i.e., Q,=R,+R;+R,+(2xsoft value)).
Similarly, the output of adder 416(1) is added to (i) converted
message R, using adder 418(2) to generate message Q; (i.e.,
Q;=R,+R,+R +(2xsoft value)) and (ii) converted message
R, using adder 418(3) to generate message Q, (i.e., Q,=R,+
R,+R;+(2xsoft value)). Messages Q,, Q,, Q;, and Q, may
then be normalized and truncated (e.g., 420(0), . . ., (3)),
saturated (e.g., SAT 422(0), . . ., (3)), and converted from
two’s-complement format to sign-magnitude format (e.g.,
T2S 424(0), . . ., (3)) in a manner similar to that of the
analogous processing of apparatus 300 of FIG. 3. Note that,
since normalization (e.g., 420(0), . . ., (3)) (i.e., division by
two) occurs after the soft-value is added to the R messages,
the soft value is multiplied by two at multiplier 414. This is in
contrast to VNU 300, in which normalization (i.e.,
314(0), .. ., (3)) is performed before the soft value is added to
the R messages.

The present invention may also be used for H-matrices
other than H-matrix 100 of FIG. 1. For example, the present
invention may be implemented for regular H-matrices that
have a column hamming weight w, that is greater than or less
than four. In such embodiments, the VNU may (i) receive
greater than or less than four R messages and (ii) generate
greater than or less than four Q messages. As an example,
consider VNUs 500 and 600 of FIGS. 5 and 6, respectively,
which may support column hamming weights w_ of three and
five, respectively.

FIG. 5 shows a simplified block diagram of a VNU 500
according to another embodiment of the present invention.
During each iteration, except for the initial iteration, VNU
500 (i) receives three R messages R, R,, and R; and a soft
value and (ii) generates three Q messages Q,, Q,, and Q;, a
hard output %X,, and an extrinsic LLR value. The three Q
messages, hard output X,,, and extrinsic LLR value are gen-
erated using two adder stages, where the first adder stage
comprises adders 504(0) and 504(1) and the second adder
stage comprises adders 506(0), . . ., (4).

Messages R, R,, and R, are converted from sign-magni-
tude format to two’s-complement format (i.e., S2T
502(0), ..., (2))and thethree converted R messages are added
together using adders 504(0) and 506(0) to generate the
extrinsic LLR value as shown in Equation (6). Adder 504(0)
adds messages R, and R,, and adder 506(0) adds the output of
adder 504(0) (i.e., R;+R,) to message R; to generate the
extrinsic LLR value (i.e., R;+R,+R;). The extrinsic LLR
value may be normalized and truncated (i.e., 508(0)) and
saturated (SAT) (i.e., 510(0)) in a manner similar to that
described above in relation to the analogous elements of VNU
300 of FIG. 3. To generate the hard-decision output value X,,,
the soft value is multiplied by two (e.g., 514) in a manner
similar to that
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described above in relation to VNU 400 of FIG. 4. The prod-
uct (i.e., 2xsoft value) is provided adder 504(1), which adds
the product to message R;. The output of adder 504(1) (i.e.,
(2xsoftvalue)+R;) is added to the output of adder 504(0) (i.e.,
R,+R,) using adder 506(1) to generate a value P (i.e., P=R, +
R,+R;+(2xsoft value)) as shown in Equation (7). The P value
may be normalized and truncated (i.e., 508(1)), and the hard-
decision output value x,, may be determined from P in a
manner similar to that described above in relationto VNU 300
of FIG. 3 (i.e., using Equations (8) and (9)).

Messages Q,, Q,, and Q; are each generated by adding two
R messages to the doubled soft value. In particular, adder
506(2) adds the output of adder 504(1) (i.e., (2xsoft value)+
R;) to message R, to generate message Q, (i.e., Q,=R,+R;+
(2xsoft value)), adder 506(3) adds the output of adder 504(1)
(ie., (2xsoft value)+R;) to message R, to generate message
Q, (.e., Q,=R,+R;+(2xsoft value)), and adder 506(4) adds
the output of adder 504(0) (i.e., R, +R,) to the doubled soft
value (i.e., 2xsoft value) to generate message Q; (i.e.,
Q;=R,+R,+(2xsoft value)). Messages Q,, Q,, and Q; may
then be normal and truncated (i.e., 508(2), . . ., (4)), saturated

(ie., SAT 510(1), . . ., (3)), and converted from two’s-
complement format to sign-magnitude format (i.e., T2S 512
(0), . .., (2)) in a manner similar to that of the analogous

processing of apparatus 300 of FIG. 3.

FIG. 6 shows a simplified block diagram of a VNU 600
according to yet another embodiment of the present inven-
tion. During each iteration, except for the initial iteration,
VNU 600 (i) receives five R messages R, R, R;, R,, and R
and a soft value and (ii) generates five Q messages Q,, Q,, Q;,
Q,, and Qs, a hard output X, and an extrinsic LLR value. The
five Q messages, the hard output X, and the extrinsic LLR
value are generated using three adder stages, where the first
adder stage comprises adders 606(0), . . . , (2), the second
adder stage comprises adders 608(0), . . ., (2), and the third
adder stage comprises adders 612(0), . . ., (6).

Messages R, R,, R, R, and R; are converted from sign-
magnitude format to two’s-complement format (i.e., S2T 602
(0), ..., (5)) and the five converted R messages are added
together using adders 606(1), 606(2), 608(0), and 612(1) to
generate the extrinsic LLR value as shown in Equation (6).
Adder 606(1) adds messages R; and R, (i.e., R;+R,) and
adder 606(2) adds messages R, and Rs (i.e., R,+R). Adder
608(0) adds the outputs of adder 606(1) (i.e., R;+R,) and
adder 606(2) (i.e., R,+R;), and adder 612(1) adds the output
of adder 608(0) (i.e., R, +R,+R,+R5) to message R to gen-
erate the extrinsic LLR value (i.e., R;+R,+R;+R,+R;). The
extrinsic LLR value may be normalized and truncated (i.e.,
614(0)) and saturated (i.e., SAT 616(0)) in a manner similar to
that described above in relation to the analogous elements of
VNU 300 of FIG. 3. To generate the hard-decision output
value X,,, the soft value is multiplied by two (i.e., 604) in a
manner similar to that described above in relation to VNU 400
of FIG. 4. The product (i.e., 2xsoft value) is provided adder
606(0), which adds the product to message R;. The output of
adder 606(0) (i.e., R;+(2xsoft value)) is added to the output of
adder 608(0) (i.e., R;+R,+R,+R) to generate a value P (i.e.,
P=R,+R,+R;+R,+R+(2xsoft value)) as shown in Equation
(7). The hard-decision output value X,, may then be deter-
mined from P in a manner similar to that described above in
relation to VNU 300 of FIG. 3 (i.e., using Equations (8) and
&)

To generate messages Q,, Q,, Q;, Q,, and Q5 adder 608(1)
adds the output of adder 606(0) (i.e., R;+2xsoft value) and
adder 606(2) (i.e., R,+R;), and adder 608(2) adds the output
of'adder 606(0) (i.e., R;+2xsoft value) and adder 606(1) (i.e.,
R;+R,). Messages Q,, Q,, Qs, Q, are then generated using
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adders 612(2), . . ., (6). Adder 612(2) adds the doubled soft
value (i.e., 610) and the output of adder 608(0) (i.e., R, +R,+
R,+R;) to generate message Q; (i.e., R +R,+R,+R+(2xsoft
value)). Adder 612(3) adds message R, to the output of adder
608(1) (i.e., Ry+R,+Rs+(2xsoft value)) to generate message
Q; (.e., R,+R;+R,+Rs+(2xsoft value)). Adder 612(4) adds
message R, to the output of adder 608(1) (i.e., R;+R +R+
(2xsoft value)) to generate message Q, (i.e., R; +R;+R +Rs+
(2xsoft value)). Adder 612(5) adds message R to the output
of'adder 608(2) (i.e., R, +R,+R;+(2xsoft value)) to generate
message Q, (i.e., R;+R,+R;+R+(2xsoft value)). Adder 612
(6) adds message R, to the output of adder 608(2) (i.e.,
R, +R,+R;+(2xsoft value)) to generate message Qs (i.e.,
R, +R,+R;+R,+(2xsoft value)). Messages Q,, Q,, Qs, Q,,
and Qs may then be normalized and truncated (e.g.,
614(1), . . ., (5)), saturated (i.e., SAT 616(1), . . ., (5)), and
converted from two’s-complement format to sign-magnitude
format (i.e., T2S 618(0), . . ., (4)) in a manner similar to that
of the analogous processing of apparatus 300 of FIG. 3.

FIG. 7 shows a simplified block diagram of a VNU 700
according to even yet another embodiment of the present
invention. Similar to VNU 400, VNU 700 may generate four
Q messages based on four R messages and a soft value;
however, VNU 700 may generate the four Q messages in even
fewer stages than VNU 400. During each iteration, except for
the initial iteration, VNU 700 (i) receives four R messages R,
R,, R;, and R, and a soft value and (ii) generates four Q
messages Q,, Q,, Q;, and Q,, ahard output X, and an extrin-
sic LLR value. The four Q messages and the extrinsic LLR are
generated using two adder stages, where the first adder stage
comprises adders 704(0), . . ., (5) and the second adder stage
comprises adders 706(0), . . ., (4). The hard-decision output
value X, is generated using an additional (i.e., third) adder
stage comprising adder 710.

Messages R,, R,, R;, and R, are converted from sign-
magnitude format to two’s-complement format (i.e., S2T 702
(0), . .., (3)), and the four converted R messages are added
together using adders 704(0), 704(1), and 706(0) to generate
the extrinsic LLR value as shown in Equation (6). Adder 704
adds messages R, and R, (i.e., R;+R,), adder 704(1) adds
messages R; and R, (i.e., R;+R ), and adder 706(0) adds the
outputs of adders 704(0) (i.e., R;+R,) and 704(1) (i.e.,
R;+R,) to generate the extrinsic LLR value (i.e., R | +R,+R;+
R,). The extrinsic LLR value may be normalized and trun-
cated (i.e., 708(0) and saturated (i.e., SAT 712(0)) in a manner
similar to that described above in relation to the analogous
elements of VNU 300 of FIG. 3. The normalized, truncated
extrinsic LLR value is also added to the soft value using adder
710 to generate a value P (i.e., P=R+R,+R,+R+soft value)
as shown in Equation (7). The hard-decision output value X,
may then be determined from P in a manner similar to that
described above in relation to VNU 300 of FIG. 3 (i.e., using
Equations (8) and (9)).

To generate messages Q,, Q,, Q,, and Q,, the soft value is
multiplied by two (e.g., 714) in a manner similar to that
described above in relation to VNU 400 of FIG. 4, and the
product is added to messages R,, R,, R;, and R, using adders
704(2), ..., (5), respectively. The output of adder 704(2) (i.e.,
R,+(2xsoft value)) is added to the output of adder 704(1) (i.e.,
R;+R,) using adder 706(1) to generate message Q, (i.e.,
R,+R;+R +(2xsoft value)), the output of adder 704(3) (i.e.,
R, +(2xsoft value)) is added to the output of adder 704(1) (i.e.,
R;+R,) using adder 706(2) to generate message Q, (i.e.,
R, +R;+R +(2xsoft value)), the output of adder 704(4) (i.e.,
R,+(2xsoft value)) is added to the output of adder 704(0) (i.e.,
R,+R,) using adder 706(3) to generate message Q; (i.e.,
R, +R,+R+(2xsoft value)), and the output of adder 704(5)
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(i.e., R;+(2xsoft value)) is added to the output of adder 704(0)
(i-e.,R;+R,) using adder 706(4) to generate message Q,, (i.e.,
R, +R,+R;+(2xsoft value)). Messages Q,, Q,, Q;, and Q,
may then be normalized and truncated (e.g., 708(1), . . ., (4)),
saturated (e.g., SAT 712(1), . . ., (4)), and converted from
two’s-complement format to sign-magnitude format (e.g.,
T2S 716(0), . . ., (3)) in a manner similar to that of the
analogous processing of apparatus 300 of FIG. 3.

By adding only the R messages that are needed to generate
each Q message, rather than adding all of the R messages
together and subtracting an R message from the total to gen-
erate each Q message, VNUs of the present invention may be
implemented using fewer adder stages than prior-art VNUs.
In particular, VNUs of the present invention may be imple-
mented for H-matrices having a column hamming weight of
w,, using ceil(log,(w_+1)) or fewer adder stages, where the
ceiling function ceil(w_+1) represents the integer value thatis
equal to or just exceeds (w_+1). Prior-art VNUs on the other
hand, may be implemented using greater than ceil(log,(w_+
1)) adder stages. By using fewer adder stages, VNUs of the
present invention may generate the Q messages in a shorter
amount of time than prior-art VNUSs. As a result, the through-
put of VNUs of the present invention may be greater than the
throughput of prior-art VNUs, and the throughput of LDPC
decoders that implement VNUs of the present invention may
be greater than the throughput of prior-art LDPC decoders
that implement prior-art VNUs, which are often limited by the
throughput of the prior-art VNUs.

The present invention may be implemented for various
H-matrices that are the same size or a different size than
H-matrix 100 of FIG. 1. For example, the present invention
may be implemented for H-matrices in which the number of
columns, block columns, rows, block rows, and the column
and row hamming weights differ from that of H-matrix 100.
In such embodiments, the number of VNUS, barrel shifters,
and CNUs may vary according to the size of the H-matrix.

While the present invention was described relative to its
use with regular H-matrices, the present invention is not so
limited. The present invention may also be implemented for
H-matrices that are not regular. For example, suppose that an
LDPC decoder of the present invention supports an irregular
H-matrix in which the hamming weight w_ of some of the
columns is four and the hamming weight of other columns is
five. Such an LDPC decoder may be implemented using (i) a
plurality of VNUs such as VNU 400 of FIG. 4, where each
such VNU corresponds to a column having a hamming weight
w, of four, and (ii) a plurality of VNUs such as VNU 600 of
FIG. 6, where each such VNU corresponds to a column hav-
ing a hamming weight w_ of five.

Further, the present invention is not limited to use with
quasi-cyclic H-matrices. VNUs and LDPC decoders of the
present invention may be used with H-matrices that are either
partially quasi-cyclic or fully non-quasi-cyclic. Partially
quasi-cyclic LDPC codes are LDPC codes that comprise (i)
one or more cyclic sub-matrices that are either equal to an
identity matrix or are obtained by cyclically shifting an iden-
tity matrix and (ii) one or more non-cyclic sub-matrices that
are not equal to an identity matrix and can not be obtained by
cyclically shifting an identity matrix. LDPC codes that are
fully non-quasi-cyclic do not have any cyclic sub-matrices. In
various embodiments that employ either partially quasi-cy-
clic or fully non-quasi-cyclic H-matrices, the VNUs and
check node units (CNUs) may be interconnected using, for
example, fixed connections or fully programmable cross-bars
in lieu of barrel shifters.

Yet further, the present invention is not limited to use with
the non-layered LDPC decoder configuration of FIG. 2.
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VNUs of the present invention may be used with other non-
layered LDPC decoder configurations and may also be used
with various layered LDPC decoder configurations.

While VNUs of the present invention were discussed as
receiving R messages and outputting Q messages using sign-
magnitude format, the present invention is not so limited.
VNUs may receive R messages and output Q messages in
another format, such as two’s-complement format. The par-
ticular format may be chosen based on, for example, the
format that is used by the CNUs to generate R messages.
Further, the present invention is not limited to adding R mes-
sages using two’s-complement format. The R messages may
be added using another format, such as sign-magnitude for-
mat. Note that the hardware implementation of addition using
two’s complement format may be less complex than the hard-
ware implementation of addition using sign-magnitude for-
mat.

The present invention was discussed as implementing nor-
malization, truncation, and saturation to ensure that the num-
ber b of bits used to represent each R message and each Q
message remains constant and to ensure that the Q messages
are maintained within a specified range. However, the present
invention is not so limited. Various embodiments of the
present invention may be envisioned in which the numberb of
bits used to represent each R message and each Q message is
not constant. Further, various embodiments may be envi-
sioned in which the Q messages are not maintained within a
specified range.

The present invention is also not limited to receiving and
processing log-likelihood ratios. Various embodiments of the
present invention may be envisioned in which other soft val-
ues, such as likelihood ratios, or hard bit decisions are pro-
cessed.

The present invention may be implemented as circuit-
based processes, including possible implementation as a
single integrated circuit (such as an ASIC or an FPGA), a
multi-chip module, a single card, or a multi-card circuit pack.
As would be apparent to one skilled in the art, various func-
tions of circuit elements may also be implemented as process-
ing blocks in a software program. Such software may be
employed in, for example, a digital signal processor, micro-
controller, or general-purpose computer.

The present invention can be embodied in the form of
methods and apparatuses for practicing those methods. The
present invention can also be embodied in the form of pro-
gram code embodied in tangible media, such as magnetic
recording media, optical recording media, solid state
memory, floppy diskettes, CD-ROMs, hard drives, or any
other machine-readable storage medium, wherein, when the
program code is loaded into and executed by a machine, such
as a computer, the machine becomes an apparatus for prac-
ticing the invention. The present invention can also be embod-
ied in the form of program code, for example, whether stored
in a storage medium, loaded into and/or executed by a
machine, or transmitted over some transmission medium or
carrier, such as over electrical wiring or cabling, through fiber
optics, or via electromagnetic radiation, wherein, when the
program code is loaded into and executed by a machine, such
as a computer, the machine becomes an apparatus for prac-
ticing the invention. When implemented on a general-purpose
processor, the program code segments combine with the pro-
cessor to provide a unique device that operates analogously to
specific logic circuits. The present invention can also be
embodied in the form of a bitstream or other sequence of
signal values electrically or optically transmitted through a
medium, stored magnetic-field variations in a magnetic
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recording medium, etc., generated using a method and/or an
apparatus of the present invention.

Unless explicitly stated otherwise, each numerical value
and range should be interpreted as being approximate as if the
word “about” or “approximately” preceded the value of the
value or range.

It will be further understood that various changes in the
details, materials, and arrangements of the parts which have
been described and illustrated in order to explain the nature of
this invention may be made by those skilled in the art without
departing from the scope of the invention as expressed in the
following claims.

The use of figure numbers and/or figure reference labels in
the claims is intended to identify one or more possible
embodiments of the claimed subject matter in order to facili-
tate the interpretation of the claims. Such use is not to be
construed as necessarily limiting the scope of those claims to
the embodiments shown in the corresponding figures.

It should be understood that the steps of the exemplary
methods set forth herein are not necessarily required to be
performed in the order described, and the order of the steps of
such methods should be understood to be merely exemplary.
Likewise, additional steps may be included in such methods,
and certain steps may be omitted or combined, in methods
consistent with various embodiments of the present inven-
tion.

Although the elements in the following method claims, if
any, are recited in a particular sequence with corresponding
labeling, unless the claim recitations otherwise imply a par-
ticular sequence for implementing some or all of those ele-
ments, those elements are not necessarily intended to be
limited to being implemented in that particular sequence.

I claim:

1. In alow-density parity-check (LDPC) decoder having at
least one variable node unit (VNU), a method for generating
aplurality of variable node messages by the VNU, the method
comprising:

(a) receiving a set of three or more check node messages;

and

(b) generating each of the plurality of variable node mes-

sages by summing a different subset of the set of check

node messages, wherein:

each different subset of the check node messages
excludes a different check node message of the set;
and

each variable node message is generated without sub-
tracting the corresponding different check node mes-
sage from a value corresponding to a sum of all of the
check node messages.

2. The invention of claim 1, wherein:

step (a) further comprises receiving a soft-input value; and

in step (b), generating each of the plurality of variable node

messages is further based on the soft-input value.

3. The invention of claim 2, wherein step (b) further com-
prises:

(b1) doubling the soft-input value to generate a doubled

soft-input value;

(b2) generating each variable node message by adding in

the doubled soft-input value; and

(b3) applying normalization and truncation to each vari-

able node message.

4. The invention of claim 3, wherein:

step (a) comprises receiving first, second, third, and fourth

check node messages; and

step (b) is performed using first, second, and third adder

stages, wherein:
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the first adder stage (i) sums the first and second check
node messages to generate a first partial sum and (ii)
sums the third and fourth check node messages to
generate a second partial sum;

the second adder stage (i) sums the first partial sum and
the doubled soft-input value to generate a third partial
sum and (i) sums the second partial sum and the
doubled soft-input value to generate a fourth partial
sum; and

the third adder stage (i) sums the fourth partial sum and
the second check node message to generate a first
variable node message, (ii) sums the fourth partial
sum and the first check node message to generate a
second variable node message, (iii) sums the third
partial sum and the fourth check node message to
generate a third variable node message, and (iv) sums
the third partial sum and the third check node message
to generate a fourth variable node message.
5. The invention of claim 3, wherein:
step (a) comprises receiving first, second, third, and fourth
check node messages; and
step (b) is performed using first and second adder stages,
wherein:
the first adder stage (i) sums the first and second check
node messages to generate a first partial sum, (ii) sums
the third and fourth check node messages to generate
a second partial sum, (iii) sums the first check node
message and the doubled soft value to generate a third
partial sum, (iv) sums the second check node message
and the doubled soft value to generate a fourth partial
sum, (v) sums the third check node message and the
doubled soft value to generate a fifth partial sum, and
(vi) sums the fourth check node message and the
doubled soft value to generate a sixth partial sum; and

the second adder stage (i) sums the second partial sum
and the fourth partial sum to generate the first variable
node message, (ii) sums the second partial sum and
the third partial sum to generate the second variable
node message, (iii) sums the first partial sum and the
sixth partial sum to generate the third variable node
message, and (iv) sums the first partial sum and the
fifth partial sum to generate the fourth variable node
message.

6. The invention of claim 1, wherein:

decoding by the LDPC decoder is based on an LDPC code;

the plurality of variable node messages corresponds to a
column of the LDPC code having a hamming weight w_;
and

w_. variable node messages are generated using a plurality
of adder stages, wherein the plurality of adder stages has
no more than ceil(log,(w_+1)) adder stages.

7. The invention of claim 6, wherein:

w, equals four; and

four variable node messages are generated using three
adder stages.

8. The invention of claim 6, wherein:

w_. equals four; and

four variable node messages are generated using two adder
stages.

9. A low-density parity-check (LDPC) decoder having at
least one variable node unit (VNU), wherein the VNU com-
prises:

a plurality of adder stages adapted to receive a set of three
or more check node messages and generate each of a
plurality of variable node messages by summing a dif-
ferent subset ofthe set of check node messages, wherein:
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each different subset of the check node messages
excludes a different check node message of the set;
and
the VNU is adapted to generate each variable node mes-
sage without subtracting the corresponding different
check node message from a value corresponding to a
sum of all of the check node messages.
10. The invention of claim 9, wherein:
the VNU is adapted to receive a soft-input value; and
the plurality of adder stages is adapted to generate each of
the plurality of variable node messages based on the
soft-input value.
11. The invention of claim 10, wherein:
the VNU is further adapted to double the soft-input value to
generate a doubled soft-input value;
the plurality of adder stages is adapted to generate each
variable node message by adding in the doubled soft-
input; and
the VNU is further adapted to apply normalization and
truncation to each variable node message.
12. The invention of claim 11, wherein:
the plurality of adder stages receives first, second, third,
and fourth check node messages; and
the plurality of adder stages comprises first, second, and
third adder stages, wherein:
the first adder stage (i) sums the first and second check
node messages to generate a first partial sum and (ii)
sums the third and fourth check node messages to
generate a second partial sum;
the second adder stage (i) sums the first partial sum and
the doubled soft-input value to generate a third partial
sum and (ii) sums the second partial sum and the
doubled soft-input value to generate a fourth partial
sum; and
the third adder stage (i) sums the fourth partial sum and
the second check node message to generate a first
variable node message, (ii) sums the fourth partial
sum and the first check node message to generate a
second variable node message, (iii) sums the third
partial sum and the fourth check node message to
generate a third variable node message, and (iv) sums
the third partial sum and the third check node message
to generate a fourth variable node message.
13. The invention of claim 11, wherein:
the plurality of adder stages receives first, second, third,
and fourth check node messages; and
the plurality of adder stages comprises first and second
adder stages, wherein:
the first adder stage (i) sums the first and second check
node messages to generate a first partial sum, (ii) sums
the third and fourth check node messages to generate
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a second partial sum, (iii) sums the first check node
message and the doubled soft value to generate a third
partial sum, (iv) sums the second check node message
and the doubled soft value to generate a fourth partial
sum, (v) sums the third check node message and the
doubled soft value to generate a fifth partial sum, and
(vi) sums the fourth check node message and the
doubled soft value to generate a sixth partial sum; and
the second adder stage (i) sums the second partial sum
and the fourth partial sum to generate the first variable
node message, (ii) sums the second partial sum and
the third partial sum to generate the second variable
node message, (iii) sums the first partial sum and the
sixth partial sum to generate the third variable node
message, and (iv) sums the first partial sum and the
fifth partial sum to generate the fourth variable node
message.
14. The invention of claim 9, wherein:
decoding by the LDPC decoder is based on an LDPC code;
the plurality of variable node messages corresponds to a
column of the LDPC code having a hamming weight w_;
and
w_. variable node messages are generated using the plural-
ity of adder stages, wherein the plurality of adder stages
has no more than ceil(log,(w_+1)) adder stages.
15. The invention of claim 14, wherein:
w, equals four; and
four variable node messages are generated using three
adder stages.
16. The invention of claim 14, wherein:
w, equals four; and
four variable node messages are generated using two adder
stages.
17. A low-density parity-check (LDPC) decoder having at
least one variable node unit (VNU), the VNU comprising:
(a) means for receiving a set of three or more check node
messages; and
(b) means for generating each of a plurality of variable
node messages by summing a different subset of the set
of check node messages, wherein:
each different subset of the check node messages
excludes a different check node message of the set;
and
each variable node message is generated without sub-
tracting the corresponding different check node mes-
sage from a value corresponding to a sum of all of the
check node messages.
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